Background: Myotonic dystrophy (DM) type 1 and type 2 are inherited diseases characterized by myotonia and myopathy. Additional symptoms include, among others, peripheral neuropathy and sleep-related breathing disorders (SRBDs). There is growing evidence for a complex association between DM1 and DM2, which was described in patients with diabetes mellitus and in the general population. In this study, we investigated whether there is an association between peripheral neuropathy and SRBDs also in the population of patients with DM. Methods: The study included 16 patients with DM1 (mean age, 37.9±14.1 years; 20-69 years) and eight patients with DM2 (mean age, 47.6±14.1 years; 20-65 years), who underwent a sensory and motor nerve conduction study (NCS) and diagnostic screening for SRBDs. In both groups, the NCS parameters were correlated with respiratory parameters. Results: In both groups, the amplitude of the ulnar sensory nerve action potential (SNAP) correlated with the mean arterial oxygen saturation (SaO 2 ). In addition, in the DM2 group, the median SNAP correlated with the mean SaO 2 . In the DM1 group, the median SNAP and the distal motor latency (DML) of the ulnar nerve correlated with the apnea-hypopnea index, while the oxygen desaturation index correlated with the DML of the tibial nerve and with conduction velocity in the sural nerve. Conclusion: Our results indicate a complex association between neuropathy and SRBDs in DM1 and DM2. Axonal degeneration may contribute to nocturnal hypoxemia and vice versa. Neuropathy may contribute to muscle weakness, which in turn may cause respiratory events.
Introduction
Myotonic dystrophy (DM) type 1 and type 2 are dominantly inherited, progressive diseases, considered to be the most common muscular dystrophies in adults. 1 DM1 is caused by an unstable (CTG)n repeat expansion in the DMPK gene located on chromosome 19q13.3, 2 while DM2 is related to the CCTG repeat expansion in the ZNF9 gene located on chromosome 3q21.3. 3 The clinical picture of both diseases is characterized by myotonia. Other symptoms include muscle weakness and wasting, cardiac arrhythmias, pulmonary dysfunction, gastrointestinal disorders, endocrine dysfunction, as well as symptoms resulting from involvement of the central nervous system 4 and neuropathy. 5 The mechanism of the development of neuropathy in DM is unclear. Some authors described it as a primary syndrome, related directly to a genetic mechanism, 5, 6 while others reported it to be a complication of DM-associated diabetes 7 or a side effect submit your manuscript | www.dovepress.com
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Banach et al of drug treatment. 8 Other possible etiological factors are sleep-related breathing disorders (SRBDs), which occur in 16%-75% of patients with DM1 9, 10 and probably in about 60% of those with DM2. 11 SRBDs reported in DM include obstructive and central apneas as well as nocturnal hypoventilation and hypoxemia. 9, 12, 13 They are considered to be the consequence of muscle weakness, myotonia, 13 and impaired central respiratory drive.
14 Importantly, an association of neuropathy with SRBDs has been documented in patients with diabetes mellitus 15 and Charcot-Marie-Tooth disease, 16 as well as in the general population. 17 Some authors reported that polyneuropathy resulted from hypoxic damage of peripheral nerves due to repetitive nocturnal hypoxemia, 15, 17 while others considered SRBD to be the result of neuropathy due to respiratory muscle weakness 16 or pharyngeal reflexes. 18 Finally, some authors suggested that both conditions might be affected by one another. 19 Considering that there is still insufficient knowledge about these associations, we decided to investigate whether there is in fact a relationship between neuropathy and SRBD in patients with DM, including a possible causal relationship.
Methods Patients
The study included 16 patients with DM1 (eight females, eight males; mean age, 37.9±14.1 years; 20-69 years) and eight patients with DM2 (four females, four males; mean age, 47.6±14.1 years; 20-65 years), who were recruited from an outpatient clinic at our hospital. Examinations were performed between January 2010 and December 2012. The study was performed according to the 1975 Declaration of Helsinki for Human Research, and the protocol was approved by the Ethics Committee of the Institute of Psychiatry and Neurology in Warsaw, Poland. All subjects gave their written informed consent prior to the inclusion in the study. The exclusion criteria were a pharmacologic treatment that could significantly affect the results of the nerve conduction study (NCS; eg, anticonvulsive cell membrane stabilizers or neuropathy-inducing agents) and active psychiatric disorders. During the study, none of the patients received mexiletine or other pharmacotherapy for myotonic symptoms. Four patients had received mexiletine before it was withdrawn from the Polish market (because of cardiotoxic effects) one year before the beginning of the study.
clinical evaluation
The height and weight of each patient were recorded. The severity of muscle weakness was assessed with the Medical Research Council (MRC) Scale for Testing Muscle Strength. 20 The evaluation with the MRC grading scale included the assessment of the strength of hand extension (which involved mainly the extensor digitorum, carpi ulnaris, and carpi radialis longus and brevis), forearm flexion (biceps brachii, brachialis, brachioradialis), arm abduction (deltoideus, supraspinatus), thigh flexion (iliopsoas, rectus femoris), lower leg extension (quadriceps femoris), and dorsal foot flexion (tibialis anterior, extensor digitorum longus, extensor hallucis). The assessments were made on both sides. According to the MRC scale, the strength of every movement was rated as follows: 0= paralyzed; 1= minimal muscle contraction (visible or on palpation); 2= movement with gravity eliminated; 3= movement against gravity; 4= weakness; and 5= normality. 20 After examination, a combined MRC score was calculated by summing up the subscore from every muscle tested. The maximum possible value of the combined score was 60 points. Patients with a combined score of 50 points or higher were considered to have mildly advanced disease; those with a score of 40-49, moderately advanced disease; and the remaining patients, severely advanced disease. The examination with the MRC grading scale was performed by a neurologist with experience in neuromuscular diseases and blinded to the results of the assessment of nocturnal respiration (MB).
For an objective assessment of neuropathic changes, the NCS was performed with a Viking IV electromyograph (Nicolet Biomedical Incorporated, Madison, WI, USA) and included the examination of the sensory fibers of the left median, right ulnar, left sural, and right peroneal nerves. The sensory nerve action potentials (SNAPs) were recorded at standard sites. 21 The NCS of the motor fibers was performed for the left median, right ulnar, left tibial, and right peroneal nerves, with the recording of the compound muscle action potential (CMAP) from the left abductor pollicis brevis, right abductor digiti minimi, left abductor hallucis, and right extensor digitorum brevis, respectively. For the recording of the SNAP and CMAP in all nerves, the surface cup electrodes were used, with a distance between the active and reference electrodes of about 3 cm. For stimulation of the sensory fibers, 20 repetitive, supramaximal stimuli were given at a rate of 2 Hz, and for stimulation of the motor fibers, single, supramaximal, and rectangular stimuli were used. The sites of the stimulation were chosen according to the widely accepted recommendations. 21 The stimulation of the median and ulnar nerves was done with two ring electrodes, and of other nerves, with a bar electrode (surface electrodes of 5 mm in diameter, placed 2 cm apart). The antidromic technique was used for the NCS of the sensory fibers of the peroneal 
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Peripheral neuropathy and sleep-related breathing disorders and sural nerves. The orthodromic stimulation was applied in all the other nerves. In line with previously published criteria, patients were diagnosed with polyneuropathy when the distal motor latency (DML) was prolonged and/or motor conduction velocity (CV) was slowed in at least two separate nerves and/or there was a decrease in the amplitude of the SNAP or a decrease in sensory CV in at least two separate nerves. 21 The only exception for applying the mentioned criteria was that the decrease of the amplitude of the CMAP was not taken into account because it might have resulted from myopathy.
assessment of srBD
Nocturnal respiration was assessed with an Embletta PDS ® (Embla Systems, Inc., Thronton, CO, USA) screening device, which allows the recording of the nasal airflow through the nasal cannula, the respiratory effort through piezoinductive bands placed around the thorax and abdomen, as well as blood oxygen saturation with a finger oximeter. The recorded signals were analyzed according to the guidelines of the American Academy of Sleep Medicine. 22 Apnea was scored when there was a drop in the airflow peak signal excursion by 90% or more of the pre-event baseline for 10 seconds or longer. Hypopnea was scored when the airflow peak signal excursions dropped by 30% of the pre-event baseline for 10 seconds or longer and were associated with arterial oxygen desaturation of 3% or higher. The differentiation of central and obstructive apneas was based on a respiratory effort signal provided by both piezoinductive bands. The assessment of SRBDs included a calculation of the apnea-hypopnea index (AHI; defined as the number of apneas and hypopneas per hour of the recording), oxygen desaturation index (ODI; defined as the number of significant [$3%] desaturations per hour of the recording), and the mean and minimum arterial oxygen saturation during the whole recording (mean SaO 2 and minimum SaO 2 , respectively).
statistical analysis
The CVs, SNAP amplitudes, and DMLs of all studied nerves were correlated with the AHI, ODI, as well as mean and minimum SaO 2 in both groups. The correlations were not assessed for the amplitude of the CMAP because it might have changed due to both neuropathic and myogenic processes. The NCS parameters were also correlated with age. The results were expressed as the mean and standard deviation. The significance level was set at a P-value of less than 0.05. For statistical analysis, the StatSoft, Inc. (2008) STATISTICA software (www.statsoft.com), version 8.0, was used.
Results
The demographic and clinical parameters of individual patients are summarized in Table 1 . One patient (male, 58 years of age) was diagnosed with type 2 diabetes and received oral treatment. The remaining patients had no co existent metabolic or endocrine disorders or significant cardiac disease. Moreover, none of the patients reported symptoms suggesting neuropathy, such as numbness, tingling, or burning sensation. The body mass index (BMI) and MRC score did not differ between patients with DM1 and those with DM2. DM1 was moderately advanced (MRC, 40-49 points) in five patients, and DM2, in one patient. In the remaining patients, the disease was mildly advanced (MRC, $50 points). The age showed a trend to be lower in the DM1 group than in the DM2 group (37.9±14.1 vs 47.6±14.1, P=0.07). None of the patients received supplemental O 2 , continuous positive airway pressure, or noninvasive ventilation. 
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Ncs
The results of the NCS are presented in Table 2 . The results were normal in six patients. In another six patients (three with DM1 and three with DM2), the changes fulfilled the criteria for polyneuropathy, and in the remaining patients, the abnormalities were shown only for a few nerves, which was not enough to diagnose polyneuropathy. The amplitude of the CMAP of the ulnar nerve was lower in patients with DM1 than in those with DM2 (9. 
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Peripheral neuropathy and sleep-related breathing disorders all of whom had DM1. Two patients (both with DM1) had predominantly central respiratory events, and the remaining eight patients, mainly obstructive respiratory events. There was one patient (male, 40 years of age, DM1) with normal AHI (AHI, 4) but with nocturnal hypoxemia as reflected by a mean SaO 2 of 89.9%. Moreover, in the group of patients with an AHI of 5 or higher, there was one patient (female, 45 years of age, DM1) with a mean SaO 2 of less than 90% ( Table 1 ). The AHI, ODI, and mean and minimum SaO 2 did not differ between the groups. At a cutoff point for significant daytime sleepiness of 11, 23 there were 11 patients (69%) with DM1 and two patients (25%) with DM2 who had sleepiness. The Epworth Sleepiness Scale score was also higher in patients with DM1 than in those with DM2 (11.9±4.5 vs 6.9±3.3, P=0.011).
correlation of nocturnal respiratory parameters and age with Ncs
In the DM1 group, the SNAP amplitude of the median nerve correlated with the AHI (R=-0.61, P=0.013, Figure 1) ; the SNAP amplitude of the ulnar nerve correlated with the mean SaO 2 (R=0.53, P=0.036, Figure 2 In the DM2 group, the amplitudes of the ulnar and median SNAP correlated with the mean SaO 2 (R=0.76, P=0.028, Figure 3 , and R=0.73, P=0.037, Figure 4 , respectively). The ODI, AHI, minimum SaO 2 , and age showed no significant correlations with NCS parameters.
Of the six patients (three with DM1 and three with DM2) that fulfilled the criteria for polyneuropathy, four had SRBDs (two with DM1 and two with DM2): one patient had mild central sleep apnea, two patients had mild obstructive sleep apnea, and one patient had severe obstructive sleep apnea.
Discussion
Our results indicate a possible association between neuropathy and SRBDs in DM. The correlation of several NCS parameters with the mean SaO 2 as well as with the AHI and ODI suggests that neuropathy may be related to SRBD in a complex way, whereby the two conditions may affect one another by causing ischemia due to nocturnal desaturation as well as apneas and hypopneas due to the weakness of pharyngeal and respiratory muscles.
study sample
We included a relatively homogenous group of patients with mild-to-moderate severity of the core clinical symptoms, 
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according to the MRC grading score. The age of both groups, DM1 and DM2, was similar to that in a previous study, with about 10-year difference between the subtypes. 24 The sex distribution was slightly different from that in the previous study in patients with DM1, while it was comparable in those with DM2. 24 We decided to include patients with diabetes because this condition is significantly more prevalent among patients with DM, and a causal link between DMPK and ZNF9 mutations and insulin resistance has been documented. 25 
Ncs
Similarly to previous studies, 24,26 our patients did not report symptoms suggestive of polyneuropathy. Changes in the NCS were also similar to those previously described, 7, 27 but the prevalence of abnormal results of NCS may seem higher in our study, which might have resulted from a relatively high number of the nerves tested. The comparison of NCS results between the DM1 and DM2 groups showed minor differences, limited to motor conduction of the ulnar nerve. A recent study reported differences in a higher number of nerves, but it also included a significantly higher number of patients. 24 
srBD
We documented SRBD in 40% of our patients which is somewhere in the middle of a wide range of the reported prevalence (16%-75%). [9] [10] [11] In accordance with recent studies, the obstructive events prevailed. 10, 28 The severity of SRBD was comparable in both types of DM, which is also in line with a previous report. 29 
correlation of Ncs with respiratory parameters
In both groups, the correlation between NCS parameters and SRBDs was found mainly in the sensory fibers of the ulnar and median nerves. In the DM2 group, the amplitude of the ulnar and median SNAP correlated with the mean SaO 2 . In the DM1 group, NCS parameters correlated with the mean SaO 2 , AHI, and ODI. We believe that the correlation with the mean SaO 2 may indicate that repetitive nocturnal hypoxemia associated with SRBD plays a causative role in the development of neuropathy in DM. On the other hand, the correlation of the amplitude of the median SNAP and DML of the ulnar CMAP with the AHI allowed us to speculate that neuropathy in DM contributes to the weakness of respiratory and pharyngeal muscles and thus to the development of the obstructive form of SRBDs. Our data also allow us to hypothesize that the causative role of desaturations may be especially important in DM2, while the contribution of neuropathy to respiratory events may be associated more with DM1. However, these tendencies need to be reproduced on a larger sample of patients.
The causative role of nocturnal hypoxemia in inducing neuropathy may rely on the repetitive reoxygenation after the arousal from apnea causes an ischemia-reperfusion injury with the generation of reactive oxygen species and induction of oxidative stress. Oxidative stress activates inflammatory processes with increased expression of the target genes such as tumor necrosis factor alpha, interleukin 6, as well as adhesion molecules such as intracellular adhesion molecule 1 and other pro-inflammatory cytokines. This may in turn lead to increased interaction of blood cells with the endothelium, leading to microangiopathy and nerve degeneration. 30, 31 Additionally, thickening of the perineurium occurs under hypoxic conditions, which can impair the transport of oxygen and other metabolic substrates and, as a result, enhance axonal degeneration. 17 Once neuropathy becomes severe, it can impair the patency of the upper airways or decrease the inspiratory volume due to muscle weakness, which is the common cause of respiratory disturbances in neuromuscular diseases. 32 Apart from muscle weakness, the involvement of autonomic fibers in neurodegeneration may disturb the proper pattern of respiratory movements, as it was documented in patients with multisystem atrophy. 33 Autonomic neuropathy may also reduce the afferent information from the lungs and decrease the sensitivity of the respiratory center to CO 2 . This in turn may contribute to the development of central apneas and hypopneas. 34 In this study, we documented the association between SRBD and impairment mainly of the sensory fibers. According to a previous study, 18 damage to sensory fibers is sufficient to cause repetitive occlusions of the upper airways. This may occur due to the damage of the pharyngeal sensory nerve, which forms an afferent of the protective reflexes, 
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Peripheral neuropathy and sleep-related breathing disorders responsible for an increase in the pharyngeal muscle tonus during inspiration. 18 On the other hand, another study showed a clear correlation between the decrease of the median CMAP and severity of respiratory events. 35 This may also be the case in our patients, and impairment of the motor fibers is likely to be involved in the development of SRBD. However, as mentioned, we did not analyze the CMAP amplitude because it reflects both the neuropathic and myopathic processes in DM.
srBD in patients with polyneuropathy
Four of six patients (67%) with polyneuropathy in our study showed SRBDs. Therefore, the prevalence of SRBDs in this subgroup may be higher than that in the whole study group (40%) and may constitute further evidence for the detrimental effect of nocturnal hypoxemia on all peripheral nerves. However, this finding has to be confirmed in a larger sample of patients. The direct association between DM and neuropathy has been documented in transgenic DMSXL mice carrying large CTG expansions. 36 
effect of age on Ncs
Our results confirmed the previous finding that age is associated with changes in NCS. 37 The amplitude of the SNAP showed an inverse correlation with age. However, the correlation was found in the nerves of the lower extremities, while the correlation of NCS and SRBDs was found predominantly in the nerves of the upper extremities. Furthermore, the association of age and NCS was found only in the DM1 group. This is probably because the DM2 group was smaller and, except one younger patient, included only middle-aged patients (45-65 years). Thus, the age affected NCS parameters in a different way than SRBDs did.
Daytime sleepiness in DM1 and DM2 groups
Similarly to previous reports, daytime sleepiness was more pronounced in patients with DM1. 38 This difference was not associated with respective differences in the severity of SRBDs, BMI, or muscle weakness, the factors that may limit the restorative function of sleep and thus indirectly provoke excessive sleepiness. Therefore, we rather attribute this finding to the primary mechanisms of the disease, which seem to affect the nervous structures responsible for alertness more severely in DM1 than in DM2. This is in agreement with studies documenting the loss of serotoninergic neurons in the dorsal raphe nucleus and decreased hypocretin levels in cerebrospinal fluid in patients with DM1.
39,40 limitations
We studied patients with mild-to-moderate form of the disease, which might obscure the observed association between neuropathy and SRBDs. With the exception of the ulnaris, the studied nerves were normal in a great majority of patients. The inclusion of patients with more advanced neuropathy would probably provide a clearer picture of the relationship between SRBDs and nerve damage.
Another limitation of the study is a relatively small number of patients, especially in the DM2 group. The inclusion of a higher number of patients would probably help us draw more precise conclusions. Finally, our study lacks the assessment of lung function. Changes in lung function as a consequence of the myopathic process may be a significant confounder of the observed relationship between sleep apnea and neuropathy.
Conclusion
Our preliminary results indicate the association between neuropathy and SRBDs, which has been previously observed in other conditions and may also be present in patients with DM1 and DM2. This relation is probably complex and works both ways: axonal degeneration may contribute to nocturnal hypoxemia and vice versa. The neuropathy may in turn contribute to muscle weakness, which may trigger respiratory events.
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